Materials used for manned space flight are tightly controlled to ensure the safety of the crewmembers.
INTRODUCTION
Operation of the CSSS will be affected by material availability and obsolescence. Material availability impacts space suit design, cost and maintainability.
The SSA program has had over 30 years of experience in obsolescence and its affect to the program. Although the Shuttle program is winding down, the Constellation program will also include design, development and use of a space suit system that consists of associated materials and therefore similar availability issues.
Due in large part to changes in the U.S. economic environment and the increase of environmental regulations, many materials used in the Shuttle EMU program are no longer available as originally certified. These materials have been discontinued, reformulated or the supplier has gone out of business. This has resulted in numerous recertification and replacement tasks, affecting program budgets and logistics operations.
Due to the stringent requirements of manned space flight and the unique challenges to space suit materials, recertification tasks present significant risk to cost and resource budgets as well as interruption of flight gear processing. Many tasks require significant materials development as the functions of space suit materials are not typical to commercial industries. In addition, recertification tasks may require costly manned cycle certification testing or other testing that utilizes costly specialized equipment or facilities to ensure system function and safety.
In addition, material availability issues not identified in a manner that balances material inventory and usage with replacement task durations result in the loss in ability to maintain component inventory to support flight and missions.
As more U.S. business goes overseas or is concentrated through mergers and more environmental regulations are enacted, both domestically and abroad, this issue is expected to continue to impact the NASA community. This threat has been recognized by the NASA community outside of the EMU SSA as well. In 2000 the Shuttle Environmental Assurance (SEA) Team was formed to assess impacts to the Shuttle program of environmental regulations in industry and assure that the Space Shuttle Program remained compliant. The SEA continues to identify, assess and disseminate information on availability topics that affect the program.
FACTORS AFFECTING AVAILABILITY ENVIRONMENTAL RESTRICTIONS
Several environmental regulations have been passed that have impacted materials availability. Among them are the ban on Ozone Depleting Substances (ODSs), and the tightened restrictions on Hazardous Air Pollutants (HAPs) and Volatile Organic Compounds (VOCs). In addition, amendments to existing regulations further restricting chemicals affects continued supply. In 1970 when the Clean Air Act was first implemented, it regulated 7 chemicals. The Clean Air Act of 1990 now regulates 189 hazardous air pollutants (HAPs) 1 . In addition, 35 states possess programs for HAPs regulation. Similarly, amendments to the 1972 Federal Water Pollution Control Act, which has evolved into what we now know as the Clean Water Act, have impacted water quality regulations.
As a result of these regulations and others, several suppliers have been forced to reformulate their products or in an effort to adhere to new restrictions, have streamlined their product lines resulting in discontinued items. Perhaps one of the material groups most affected by these changes has been the adhesives industry, followed closely by the coatings industry. The National Emissions Standards for Hazardous Air Pollutants (NESHAP) regulations governing HAPs from the coatings industry was responsible for the redesign and recertification of the urethane coated nylon bladder cloth used in the SSA for air and pressure retention. As a life critical material used extensively in the SSA, the two year replacement task consisted of material development, materials testing and an extensive manned cycle testing program.
In addition to domestic regulations, foreign regulations must also be considered. In order to remain global suppliers, U.S. manufacturers must comply with foreign regulations. One such example is the European ban on leaded electronics. Although this ban is not in effect for the U.S., the industry has eliminated lead from much of its products to meet the European requirements. This particular issue is a risk to the space program as the lead prevents tin whiskers, a condition that can lead to circuitry shorts.
As evidenced by the recent discussions on global warming, environmental protection will continue to evolve. Changing environmental protection objectives to meet future national and global concerns will most likely result in more regulation and evolving technologies. Therefore it is reasonable to expect that environmental regulation will continue to impact the Space program.
ECONOMIC IMPACTS ON SUPPLIER BASE
With the signing of the NAFTA agreement in 1994 and subsequent trade agreements, the U.S. economy is now more global than ever. The consequence of the move to a global economy is significant international competition. In order to survive, companies have had to become more focused on greater speed, efficiency and automation 2 . Despite this focus, the U.S. industries have been affected considerably.
Although there are a number of industries experiencing this trend, the textile industry has been among the most affected. The number of textile producers has dwindled over the last three decades, exacerbated by the trade agreements.
The remaining U.S. producers have been successful by merging with other companies, streamlining product lines and focusing on high tech products or those products that require high skill levels to produce. Commonly manufactured products, such as textiles typically used for the apparel industry, have moved off shore. This not only includes weaving and knitting manufacturing companies, but also yarn manufacturers. In 2005 DuPont sold their polyester (including Dacron®) and nylon product lines because of increasing pressure from international competition. At this time however, DuPont has retained the specialized Nomex®, Kevlar® and Teflon® product lines.
The demand for any given material in a space suit application is relatively low in comparison with other applications.
Textile mills for example, typically manufacture materials in the hundreds of thousands of yards or more, much more than the use required for the space program. The ability to obtain these materials without incurring exorbitant minimum buys over long periods of time relies heavily on the qualification of a supplier specializing in niche products and good, long term relationships with the suppliers. Surprisingly, those materials most commercially available are at the highest risk of being discontinued or changed.
Apparel grade fabrics for example are particularly at risk of being discontinued in the U.S. and sent off shore. An additional risk with commercially available materials is that they are continually changing since producers frequently "enhance" their products to be more marketable. One such example was the reformulation of JOY® dish detergent, one constituent of the SSA anti-fog solution used on helmets. Proctor & Gamble had reformulated Joy dish detergent several times due to raw material unavailability and product enhancements like new scents or antimicrobials.
IMPACTS OF OBSOLESCENCE ON MANNED SPACE FLIGHT

SPACE SUIT FUNCTION AND SAFETY
The first impacts assessed for material changes and replacements to a critical piece of equipment are the potential affects to the function that material performs.
The certification program of the CSSS will include a material review for general properties and environments as well as an extensive manned cycle test program to assess wear, torque and mobility. Obviously, the higher the criticality of the material function in the space suit, the greater the risk and impact to the successful performance of the suit system.
Because the materials being used in the space suit are either typically not being used for their original purpose or they are created as a result of the need for the material in a space suit system, the manufacturers are not aware of the significance of the inherent properties and their affects to use and function. For this reason certification or validation cannot be received from the material supplier and recommended replacements must be thoroughly evaluated with respect specifically to space suit use. In many instances manufacturer's will make "transparent" or "minor" changes without notification to their customers, as the changes do not affect the typical use of the material.
These seemingly innocuous changes can have catastrophic effects.
This was demonstrated in the SSA Liquid Cooling and Ventilation Garment (LCVG) water tubing replacement task. The LCVG containing the tubing is shown in Picture 1. The supplier had made a change to the catalyst system, indicating that the resulting material was equivalent. However, during testing it was revealed that the use of this material could result in life support system failure. Under expected SSA operating conditions, the new material generated leachate into the water circulation system, creating the potential for the Primary Life Support System (PLSS) sublimator and filters to become blocked. As a result of the testing, an alternate tubing material was pursued and certified.
Picture 1: Suit Subject Wearing an LCVG Additional impacts over and above typically reported physical properties must also be considered. An example of this would be yarn changes in structural materials.
Although an "equivalent" yarn may be recommended by the supplier that possesses similar chemical and strength characteristics, seam loading response and abrasion characteristics, both to itself and to materials it contacts, must be evaluated. The unique conditions space suit materials encounter can create differences in material behavior over typical apparel or other industrial applications.
In addition to the functional requirements of the materials are the requirements of the space suit safety as a system. This includes thermal, radiation, dust and micrometeoroid and orbital debris (MMOD) protection as well as chemical compatibility.
SPACECRAFTS AND EQUIPMENT
Material changes and replacements due to obsolescence can also have a potentially large impact on the safety certification. For human spaceflight, the safety certification of non-metallic materials consists of flammability in its application environment, toxic offgassing and thermal vacuum stability for materials used in the vacuum of space. The requirements for these tests can be found in NASA-STD-6001.
When manufacturers change material formulations, driven by environmental and economic factors or even to improve performance, NASA and the material user have to assess the associated risks and the most obvious impact is that the existing material safety certification becomes invalid. A detailed analysis of the formulation change is conducted and the majority of these cases lead to re-testing of the material per NASA-STD-6001 requirements. Flammability and off-gassing tests are not cheap and testing costs NASA approximately $3000 per material.
If a material fails any of the safety certification tests (for example flammability), its use in a given application needs to be analyzed in configuration to verify that the hazard propagation is controlled. This safety acceptance rationale gets documented in a Materials Usage Agreement signed by NASA and the contractor. A recent example of a formulation change impact was the 3M Company reformulation of their Scotchgard® 3101 sealant from water based to a solvent based formulation. The new formulation was evaluated by NASA for safety certification. This material is used in conjunction with Ammonium Dihydrogen Phosphate as a flame retardant on fabric materials. Hence, a certain grade of Nomex® fabric which fails flammability in the 30% oxygen spacecraft environment can be treated with Scotchgard® and Ammonium Dihydrogen Phosphate to make it flame resistant. NASA conducted the flammability and offgassing tests with the "new" 3M formulation for recertification. The results indicated that offgassing characteristics were not substantially affected but the same Nomex® fabric (with the new flame-retardant formulation) failed the flammability test in 30% oxygen environment. These results finally led to discontinued use of the product for space programs.
Offgassing of materials is strictly controlled to reduce human toxicology concerns in the confines of the space suit and spacecrafts. Additionally, chemical constituents contained in or offgassed from materials can affect spacecraft Environmental Control/Life Support System (ECLSS) equipment performance or spacesuit life support performance. Many of the reformulations that have replaced more volatile solvents with less volatile alternates have required modified cures to address this problem.
Thermal vacuum stability is evaluated not only to assess the stability of the material and capability to operate properly in a vacuum environment, but also to identify any risks of contaminating sensitive, critical surfaces. In the event that the material can outgas condensable materials onto sensitive surfaces, special operations or procedures may have to be put into place to mitigate the risk. The silicone pads on the SSA Gloves (see picture 2) are an example of a material requiring such special processing.
For Hubble Space Telescope (HST) missions the gloves must be vacuum baked to remove all of the volatile condensable materials so that they don't deposit on the lenses. It is difficult to forecast the number of and actual materials that will need to be replaced during the lifetime of a specific program. Most suppliers provide only a small amount of material to support production and the material is usually a specialty item not used by general industry or consumers. This can result in becoming A small change to a material formulation could impact production and deliveries for up to 3 years if not managed properly. This could be catastrophic, both financially and logistically, to the performance of a program if the risk is not managed on a regular basis. As previously stated forecasting the number of materials that will be reformulated, changed or discontinued is almost impossible. However, historical trending can be used to help budget for funding and resources needed to maintain an availability program.
The current EMU Program utilized trending to develop a budget and resource plan to support the program through 2010. Historical data was used to determine an approximate annual budget and manpower needed to support the Supplier Supportability function. Although not completely accurate, the data provided a basis of estimate to use during preparation of the proposal to capture the costs associated with supportability.
Obviously more critical materials can have a larger impact to CSSS function, use and safety and if not adequate, can result in loss of life.
Therefore, replacement tasks can be quite costly depending on the material function and criticality. Replacement of life critical materials usually requires manned certification testing which includes fabricating suit parts, incorporating them into a complete suit and performing various cycling, leakage and structural tests.
In some instances, specialized equipment, such as large vacuum chambers, is required as well. These tasks generally are in the several hundreds of thousands of dollars to complete. Even non critical replacement tasks, such as pen ink reformulations, require thousands of dollars to adequately address due to the effect the materials can have on critical elements such as spacecraft ECLSS equipment performance.
More than any other factor, material availability is a major driver in program logistics. Material replacements take time, money and resources to incorporate and if not properly managed can be detrimental to a program logistically and financially.
POTENTIAL DESIGN AND MATERIAL DEVELOPMENT CHALLENGES FOR THE CSSS PROGRAM
Since the design of the SSA over 30 years ago, many events have transpired that have affected basic chemical make-up, and therefore characteristics, of some materials. The changed materials have not always met the technical challenges their predecessors have. A few expected challenges to the CSSS design and development program will be discussed here.
LEAD FREE ELECTRONICS
As previously discussed in the risk factors section, there is an industry wide move away from leaded solder and lead electrical components to satisfy the European ban on leaded electronics.
Lead's function in tin solder is to prevent tin whiskers from forming. Tin, used extensively in the electronic industry, is known to grow whiskers and several electronic failures have been the result of this characteristic (see picture 3). The whiskers are "hair like" crystalline structures that grow out of pure tin surfaces. The length can be up to 10mm with diameters typically ranging from 0.006µm to 10µm 3 . The obvious failure mechanism is circuitry shorting.
However, consideration must be given not only to the tin or tin plated electrical function but also to the possibility that a whisker could break off and create a short of another electrical component.
For this reason the use of unleaded solder is generally prohibited in the space program.
Picture 3: Tin whiskers growing from a tin plated surface Although research has been conducted on conformal coatings and alternate materials, this research has not resulted in finding a drop in replacement as good as the leaded materials.
CHANGED SOLVENT SYSTEMS
Due to regulations mainly on HAPs and VOCs, many adhesives and coating systems no longer contain the standard solvents historically used for those applications. These adhesives and coatings have either gone totally solventless, have had the amount of solvent significantly decreased or have been reformulated using more environmentally friendly or less regulated solvents.
Most adhesive use for the CSSS, similar to the SSA, will be off nominal. Therefore although a new solvent system may work for other applications, the new solvent system may not be suitable or adequate for the CSSS application. In some instances changes to solvent systems have resulted in significantly decreased adhesion.
In other cases the new solvent is too aggressive for one or both substrates being bonded. In addition to effectiveness and substrate compatibility, changes to viscosity or total solids may have a large impact on manufacturing operations.
Most of the volatile chemicals in coatings have been replaced with less volatile solvents. This has been shown to have significant impact on the toxicity and thermal vacuum stability requirements of manned space flight equipment.
Longer cure times or elevated temperatures may be required to allow the material to meet offgassing requirements.
AVAILABILITY OF MATERIAL RESOURCES
The U.S. supplier base is much smaller than it was 30 years ago, reducing the probability of successfully obtaining the caliber of suppliers required to sustain uninterrupted production of the CSSS.
Weaving and knitting facilities in particular have drastically been reduced in the U.S. The weaving and knitting equipment used is expensive and usually custom modified to perform specialized operations not shared across the profession.
The reduction in available weavers and knitters has effectively resulted in reduced capability to produce specialized fabrics requiring nonstandard methods. In addition, the weaving and knitting facilities remaining in the U.S. are less receptive to producing small quantities of specialized fabric.
MITIGATING RISKS
RISK REDUCTION
Although it is likely that obsolescence will continue to affect the space program, there are several steps that can be taken to reduce risk.
Developing an understanding of what drives risk and addressing the issue during the design and development of the CSSS will have a large impact to the cost and logistics of the program. This is especially important during the initial years of the program while amassing CSSS gear inventory.
Material commonality from system to system within the program is one way to establish a more stable supply. For instance, MLI (multiple layer insulation) is a common need across the space program. Thermal protection is required for many items, from tools to the spacecraft itself. Space suit manufacture might require only 200 yards per year of insulation, a quantity that is not very alluring to material manufacturers. However, using the same insulation for all thermal blanket manufacture and any other thermal application in the space program could increase the insulation need from hundreds of yards per year to thousands of yards per year, much more appealing to a potential insulation manufacturer. In addition, since all of the applications are space related, the supplier would be more sensitive to change impacts, be they property changes or material changes. Another good candidate for material commonality would be lubricants. Material commonality across the program can also result in concentration of function and usage knowledge. Information learned through special studies and testing can be shared with the entire community rather than reinventing the wheel for each application.
Where commonality and large demand is not feasible, choosing materials and suppliers for long term availability will rely on understanding the various suppliers' position in the global market and drivers for demand. Those companies whose market is niche products are more amenable to lower minimum buys and in general are more responsive to the space suit's specific needs. Large companies whose production runs are in the millions of dollars per year do not typically supply the degree of customer service required by the space suit industry for the small quantities purchased for that purpose. A network of smaller suppliers is generally more successful in maintaining a continuous, high quality supply with the technical support required by the nature of the program.
Once a supplier has been chosen, maintaining a close customer/supplier relationship is essential. Due to the small purchasing quantities usually associated with space suit manufacture, space suit use and requirements are not readily visible without some effort. The experience of the EMU SSA program has shown that initiatives to promote the role of the suppliers in the space program have often resulted in the difference between success and failure to obtain services or products. In addition, awareness of the program's sensitivity to change has also aided in obtaining adequate notification of changes or issues the supplier may be experiencing or anticipating.
Creating partnerships with suppliers, rather than merely purchasing their services, is one of the most successful methods for securing long lasting, reliable sources of supply for critical materials. Development of critical materials such as restraint and bladder fabrics, are an excellent way of developing such partnerships. Critical issues such as balancing manufacturing produceability with physical properties, can be addressed before certification and avoid the inability to reproduce acceptable material or subsequent changes requiring recertification/validation. In addition, the supplier is more aware of the use and requirements of the material and will be sensitive to ensuring material issues and changes are communicated appropriately.
It cannot be ignored that many companies have continued to manufacture materials for the space program, despite the lack of profit, solely for the prestige and patriotism associated with being part of the American Space Program. It cannot be expected that overseas suppliers, like textile manufacturers in India and China, will be willing to continue manufacture of critical materials when demand changes or be as sensitive to providing advanced notification of changes. An example of this would be changes in fabric colors or yarn content to keep up with fashion trends.
Another risk mitigation strategy is to adequately define materials to ensure notification of change and to enable flexibility in supply. While this is not always possible, particularly with adhesives and coatings, it should be an objective whenever generating specifications or while qualifying new materials. Without adequate definition, the material is source controlled, meaning you can only guarantee the material function and properties if the material is purchased from one source. In addition to removing competitive pricing, this also increases risk since suppliers can go out of business or cease production of that item without disclosure of pertinent information required to duplicate the material. Therefore good specification controlled drawings not only specify physical property requirements typical to the material, but also defines the material to eliminate the need to qualify the material from a space use perspective (including toxicity).
Periodically surveying suppliers has also been shown to increase visibility as well, especially for suppliers of materials procured only sporadically. Supplier surveys have identified anticipated issues as well as availability issues themselves. If composed correctly, the surveys also reveal information helpful in identification. Knowing chemical content and/or chemicals used for processing allows advanced warning of impact for proposed regulations.
Finally, the best risk mitigation strategy is to certify alternate materials for the same function. This, of course, is only cost effective if executed during the initial certification of the CSSS or in subsequent replacement tasks.
RISK IDENTIFICATION
The above stated risk mitigation strategies will minimize unavailability. However, the most important element of risk mitigation for obsolescence is identification of the risk. Therefore a comprehensive material obsolescence plan will include monitoring and identifying availability issues and risks.
Attention should be concentrated on those materials requiring the greatest effort to certify. Life critical materials such as structural fabrics, structural adhesives and air retention fabrics need frequent monitoring. These materials will be the most difficult to replace functionally and will require the most time to recertify as they will most likely require manned certification testing. In addition, material familiarization and characterization will be necessary to understand what impact various events will have on CSSS materials. For instance, the sale of polyester yarns by DuPont to Koch Industries has no meaning unless it is understood that DuPont polyester yarns are used to make a fabric supplied by a weaver otherwise unassociated with DuPont.
An adequate plan will include periodically contacting suppliers to determine if any changes have occurred or are planned. Obviously the frequency of contact will be determined by 1) material criticality 2) expected replacement task duration 3) anticipated risk potential. While the first two criteria are easy to establish, the last criteria is more difficult to determine. Risk potential is based on experience and a well rounded knowledge of the risk factors. For example, during the period of time that the NESHAP was being studied and implemented, coated fabrics became a high risk potential. Once the NESHAP was implemented however, coated fabrics became a lower risk. Materials supplied containing solvents and volatile chemicals pose a higher risk potential since chemicals that can evaporate into the atmosphere are more likely to be regulated than those materials that do not offgass. An example of such a comparison would be the risk potential of an adhesive versus that of an extruded plastic. Risk potential also includes determining how demand affects supply. Is this a low demand, commercial product? If so, the risk potential might be higher than a specialty material manufactured specifically for space suit use.
Another element of a comprehensive identification plan includes early review of proposed or newly implemented regulations. Many times, prior knowledge of a proposed regulation allows input into the regulation and can result in decreased impact. The SEA is an excellent tool for this particular task. The SEA is often informed of proposed regulations in advance of implementation and has the influence required to affect proposed requirements.
At a minimum, advanced notice of proposed regulations allows pre-coordination with suppliers to identify an availability issue well before it can't be controlled or mitigated.
In addition to the above actions, perusing news events for business dealings or EPA updates can be useful in identifying risk. Such was the case with the changes to fluoropolymer materials. Due to litigation reported in the news on DuPont's Teflon® products, the potential for risk was realized and the community was able to identify that a reformulation was imminent. This allowed the community to purchase inventory to support programs during any recertification/revalidation tasks required. Ultimately it was not only the awareness of the potential impact, but also the NASA community's influence on DuPont, that revealed all the details of the reformulations and permitted the community to respond properly.
Once an issue has been identified, the cause must be understood to reduce the potential for additional, related impacts. The discontinuation of a material may be due to low demand or a yarn availability issue for instance. If the supplier decides to discontinue because they are streamlining their product line, other products may be affected as well. Discontinuation of a particular yarn will affect all materials made using that yarn and can signal yarn supplier concerns. Therefore, an obsolescence issue can only be considered "identified" completely if the cause and effect are understood.
Implementation of all of these tasks into a comprehensive plan can still allow some availability issues to slip through the cracks. Ultimately complete success can only be achieved with the above steps inclusive of strong supplier relationships and partnerships.
RISK MANAGEMENT
In order to manage risk of obsolescence to the CSSS program, attention must be given to the issue during materials development, certification and in the subsequent contract for identification and materials management.
Supplier partnerships, certifying acceptable alternates and adequate material specifications will minimize obsolescence. However, material obsolescence will occur. Timely identification will be crucial to enacting the most effective handling plan. Therefore a continuous plan that reviews availability, as well as continuous review into potential issues, will be needed. An adequate budget with resources will have to be dedicated to address material availability to reduce impact to the program.
Once the issue has been properly (i.e. completely) identified, a management plan to ensure inventory exists through a replacement task is required. Not only must inventory be known, but usage rates and shelf life must also be assessed. If the material is life sensitive, care must be taken to store the material in a manner that prolongs shelf life. Understanding shelf life constraints, inventory and usage as soon as possible is critical as the opportunity to purchase existing inventory of certified material is often very short. Balancing inventory, shelf life and usage also allows replacement tasks to be scheduled, a more proactive approach rather than reactive.
Obviously material purchasing quantities and timing will have bearing on the ability to balance inventory if the issue is not identified before the supplier's inventory is exhausted. Because the EMU SSA materials have conservative shelf lives and most minimum buys exceed the usage need for that shelf life duration, the SSA program in most cases has been successful in managing inventory with enhanced storage conditions. This will be a risk with the CSSS program if shelf lives are pushed to the maximum and contract restrictions do not permit some inventory reserve. Excessive shelf lives also reduce the frequency of purchases, another aspect that has been shown to contribute to increasing risk.
